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ABSTRACT 


APPLICATIONS  OF  THE  SHOCK  PULSE 
TECHNIQUE  TO  HELICOPTER  DIAGNOSTICS 

An  investigation  has  been  carried  out  on  the  feasibi- 
lity of  shock  pulse  techniques  in  the  detection  of  failures 
in  helicopter  power  trains.  A standard  off-the-shelf  SKF 
Industries  model  MEPA-10A  was  employed  to  construct  shock 
emission  envelopes  of  shock  rate  versus  shock  level.  Data 
was  collected  from  the  hanger  bearings  of  the  tail  rotoij 
drive  shaft  assembly,  the  42°  and  90°  gear  box  assemblies, 
and  the  transmission  and  mast  assemblies  as  installed  on 
operational  UH-1  series  helicopters.  Further  data  was  ob- 

f! 

tained  on  the  OH-58  as  well  as  from  helicopters  at  Fort 
Rucker,  Alabama  with  implanted  bearings  of  known  condition. 

1 ' 

The  correlation  between  the  shock  emission  envelopes  and 

H, 

degree  of  degradation  as  revealed  by  teardown  analysis  is 
described.  Laboratory  tests  were  conducted  to  determine 

I the  condition  of  gears  in  the  42°  gear  box  through  the  use 

I 1 

of  shock  emissions.  The  shock  pulse  meter  shows  promise 
* for  its  ability  to  separate  those  components  with  normal 

[ ; wear,  or  the  onset  of  damage,  from  those  with  severe  damage. 
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$ This  report  presents  the  results  of  the  analysis  of  the 

SKF  Industries,  Inc.  MEPA-10A  Shock  Pulse  Meter  conducted  by 
Parks  College  of  Saint  Louis  University  with  SKF  Industries 
of  King  of  Prussia,  Pennsylvania,  as  a subcontractor. 
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1.0  INTRODUCTION 


The  United  States  Army  Aviation  Systems  Command 
(USAAVSCOM)  has  an  ongoing  program  to  develop  a system 
which  will  automatically  accomplish  inspection,  diagnostic, 
and  prognostic  maintenance  functions  on  related  subsystems 
of  the  UH-1  helicopter.  This  program,  called  AIDAPS,  is 
intended  to  provide  equipment  which  will  contribute  to  an  in- 
crease in  the  tactical  mobility  of  Army  aviation  operations 
and  provide  an  effective  reduction  in  aircraft  maintenance 
costs  and  maintenance  related  accidents. 

Past  efforts  1-4  have  included  the  collection  of  vibration 
data  with  a subsequent  analysis  of  the  resulting  Power  Spectral 
Densities  to  determine  the  condition  of  the  helicopter  power 
train.  Another  approach,  particularly  in  determining  bearing 
condition,  is  to  use  shock  pulse  techniques.  The  technique 

r, 

and  instrumentation  were  developed  by  AB  SKF , Sweden  and  are 
available  in  the  United  States  through  SKF  Industries,  Inc., 
King  of  Prussia,  Pennsylvania.  Parks  College  was  placed  under 
contract  to  AVSCOM  to  conduct  an  intensive  evaluation  of  the 
shock  pulse  diagnostic  technique  to  helicopters.  This  report 

„ summarizes  the  effort  to  date5-8. 

1 

Part  I of  the  report  briefly  reviews  the  operation  of 

r 

the  shock  pulse  meter  and  the  generation  of  the  shock  emission 
curve.  The  shock  emission  curve  is  the  basic  starting  point 
for  analysis.  Findings  of  the  preliminary  laboratory  analysis 


on  bearings  as  well  as  a laboratory  study  in  detecting  gear 
damage  on  the  UH-1  42°  gear  box  are  presented.  A summary  is 


given  of  data  which  was  collected  from  the  hanger  bearings 
of  the  tail  rotor  drive  shaft  assembly,  the  42°  and  90° 
gear  box  assemblies,  and  the  transmission  and  mast  assemblies 
as  installed  on  operational  UH-1  series  helicopters.  Further 
data  was  obtained  from  the  AIDAPS  helicopters  at  Fort  Rucker, 
Alabama  with  implanted  bearings  of  known  condition.  The 
correlation  between  the  shock  emission  envelopes  and  degree 
of  degradation  as  revealed  by  teardown  analysis  is  described. 

Part  II  of  the  report  is  a compilation  of  all  data 
collected  during  this  effort.  In  addition,  the  complete  study 
in  detecting  gear  damage,  made  by  SKF  under  subcontract  to 
the  College  is  included. 


2.0  EXPLANATION  OF  THE  MEPA-10A  SYSTEM 


As  an  alternative  diagnostic  method  in  bearing  analysis, 
the  SKF  MEPA-10A  shock  pulse  technique  was  used  to  determine 
bearing  condition.  The  technique  employed  is  to  construct  a 
shock  emission  envelope  containing  the  rate  of  shock  emission 
as  well  as  the  measurement  of  the  amplitude  of  shock  developed 
by  a particular  bearing.  When  a bearing  race  or  rolling  element 
contains  a discrete  fault,  such  as  a pit  or  spall,  the  contact 
between  this  fault  and  the  rolling  elements  will  result  in  re- 
petitive impacts  of  short  duration.  As  a result  of  these  impacts, 
a shock  wave  propagates  through  the  structure.  The  shock  pulse 
travels  through  the  bearing  and  causes  a pulse  displacement  input 
to  an  accelerometer.  The  equipment  used  in  the  MEPA-10A  system 
includes  a 38  KHZ  resonance  response  accelerometer.  The  output 
of  the  accelerometer  is  passed  through  a high  gain  amplifier 
tuned  at  the  resonant  frequency  of  the  accelerometer  This 
amplifier  acts  as  a very  sharp  band-pass  filter.  After  the 
signal  is  suitably  processed,  the  output  is  displayed  on  a 
counter  which  provides  the  frequency  of  peaks  above  any  desired 
peak  amplitudes.  No  other  processing  is  required  for  the  analysis. 

A graph  is  made  of  the  shock  emissions  and  from  this  data  a 
determination  of  condition  is  made.  With  the  accelerometer  attached, 
an  initial  rate  and  value  evaluation  is  made.  The  rate  found  be- 
comes the  first  point  plotted  on  the  ordinate  at  a shock  level  of 
one.  A threshold  varing  dial,  on  the  MEPA-10A  meter  housing,  ranges 
from  a level  of  one  to  ten  thousand  on  a logrithmic  scale.  As  the 
threshold  is  increased,  successive  rates  are  plotted  until  a curve 
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crosses  the  abscissa.  The  value  at  the  intercept  becomes  the 
highest  potentiometer  level  at  which  at  least  one  shock  pulse 
per  second  can  be  measured.  Rate  values  are  in  pulses  per  second 
and  shock  level  obtained  is  in  relation  to  the  displacement  of 
the  accelerometer  used.  The  curves  drawn  are  evaluated  by  their 
general  curve  form  and  the  magnitude  of  rates  and/or  levels 
obtained . 

The  meter  is  logrithmicly  integrated  and  the  movement  is 
approximately  90°.  Since  a logrithmic  scale  is  employed,  the 
reading  from  0°  to  80° 's  of  movement  corresponds  to  0 to  1000  on 
the  meter,  while  the  remaining  10o,s  consists  of  readings  1000 
to  10,000.  Because  of  this  situation,  and  that,  the  first  point 
plotted  is  dependent  on  one  reading  along  the  ordinate,  needle 
swing  may  cause  difficulty  in  initial  rate  determination.  This 
does  not  affect  the  shock  level  and  yields  no  overall  impediment 
in  determining  bearing  condition. 

SKF  Industries  indicates  in  their  operator's  manual,  included 
with  the  MEPA-10A,  that  all  curves  plotted  are  a variation  of 


three  general  forms  1)  one  with  high  rates  and  relatively  low 
levels  - an  apparent  indication  of  foreign  matter  in  the  lubri- 
cant of  the  bearing,  2)  a curve  shape  of  low  rates  and  levels  of 
shock  values  which  reach  a relatively  high  degree  - a curve  slope 
indicative  of  a bearing  with  insufficient  lubricant  or  possible 
element  damage.  3)  a curve  with  both  significantly  high  values 
in  rate  and  level  - the  amount  of  "filling  out"  of  this  curve 
would  be  proportionate  to  the  extent  which  the  damage  is  en- 
countered in  the  bearing.  (Fig.  2.0) 
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Integration  time  seconds; 
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I x - indicates  high  rates  of  low  shock  levels 

•!  indicative  of  foreign  matter  present 

in  the  lubricant . 
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jo-  indicates  low  rates  of  high  shock  levels 
indicative  of  a bearing  with  either  in- 
sufficient lubricant  or  one  with  an 
element  damage • 

A - damage  profile  of  assembly  in  which 
a "filling  out”  occurred 
proportionate  to  the  extent  of 
damage . 
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Potentiometer  Jove! 


Of  the  curves  plotted  on  bearings  with  either  known  damage 
or  of  unknown  condition,  no  case  has  been  documented  which  fit 
the  precise  theoretical  forms  as  described.  Although  the  amount 
and  type  of  damage  approximates  the  theoretical  shapes,  the 
assessment  of  damage  relies  on  an  overall  evaluation  of  the  curve, 
any  slope  irregularities,  as  well  as  magnitude  of  rate  and  values. 

Because  of  size  and  portability  of  the  equipment  used,  the 
MEPA-10A  shock  pulse  method  was  operated  in  both  laboratory  and 
field  environments. 


3.0  LABORATORY  FINDINGS 


Bearing  Tests 

The  first  use  of  the  shock  pulse  technique  performed  by 
Parks  College  was  on  an  AIDAPS  test  aircraft  operated  at  Granite 
City  Army  Depot.  Although  this  was  technically  not  a laboratory 
use,  it  was  the  first  attempt  to  establish  the  methods  used  in 
shock  pulse  analysis.  Data  was  collected  in  order  to  become 
familiar  with  the  technique  of  analysis,  to  identify  areas 
where  further  study  could  profitably  be  undertaken,  and  to  in- 
vestigate consistency  and  accuracy  of  data  collection.  It  was 
found  that  there  was  a difference  in  the  shock  emission  curves 
of  good  and  degraded  hanger  bearings  installed  on  the  UH-1H 
helicopter  (Fig.  3.0),  Several  questionable  areas  arose  during 
this  initial  phase  which  precipitated  a laboratory  study  under 
more  closely  controlled  conditions  than  a field  environment  could 
provide.  This  study  was  undertaken  to  determine  the  nature  of  the 
different  curve  shapes  which  could  be  plotted  and  evaluate  the 
threshold  of  damage.  A MEPA-10A  analyzer  coupled  with  several 
other  pieces  of  electronic  equipment  were  used  on  bearings  ro- 
tating at,  approximately,  constant  speeds.  All  bearings  analyzed 
were  of  the  same  type,  make,  and  size  as  those  employed  as  hanger 
bearings  on  UH-1  series  helicopters.  The  hanger  bearing  fixture 
was  identical  to  that  of  an  operational  helicopter.  Several 
accelerometer  attaching  methods  were  evaluated  in  order  to  achieve 
consistent  and  reproducible  data.  An  oscilloscope  was  used  keyed 
to  the  rotational  frequency  in  attempt  to  correlate  shock  emissions 
depicted  with  known  damage. 


Good  Bearing  vs.  Bearings 
removed  for  time  change  and 
Failure . 
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Figure  3.1  shows  the  differences  in  the  shock  emissions  of 
new  bearings  compared  to  bearings  with  an  unserviceable  condition 
which  were  rejected  for  use  in  aircraft  by  the  US  Army  inspection 
facility  USAAVNS,  Ft.  Rucker,  Alabama.  The  higher  rates  and 
levels  of  the  unserviceable  bearings  are  apparent.  Figure  3.2 
is  made  from  a comparison  of  three  specific  types  of  damages 
1)  Dirty  lubricant,  2)  Rolling  element  damage,  3)  "Dry  bearing" 
with  insufficient  lubricant.  The  damage  was  induced  artifically 
on  new  bearings  which  are  represented  on  the  graph  as  data  scatter 
of  new  bearings.  There  is  little  correlation  to  the  theoretical 
curve  shapes  of  Figure  2.0.  However,  again  the  rates  and  levels 
of  the  damaged  bearings  are  greater  than  those  of  new  or  undamaged 
ones . 

Figure  3.3  illustrates  the  speed  dependence  of  the  shock 
emission  envelope  using  a bearing  run  at  two  speeds  with  other 
conditions  such  as  accelerometer  attachment,  temperature,  and 
bearing  load,  held  constant.  The  bearing  used  had  lubricant 
which  contained  foreign  particulate  matter.  Figure  3.4  shows 
the  change  that  can  occur  in  the  damage  profile  over  a time 
interval.  A bearing  with  damage  to  the  'inner  race"  was  monitored 
over  a 100  minute  continuous  run.  The  conditions  of  the  test 
were  held  constant  over  this  period. 

The  use  of  an  oscilloscope  as  an  aid  in  depicting  the  shock 

emissions  proved  of  little  relative  value  because  of  both  the 

» 

difficulty  in  keying  the  amplitude  of  sweep  traces  to  shock  levels 
and  the  problem  of  isolating  a single  revolution  of  the  inner/outer 
races  of  the  bearing.  Very  little  additional  diagnostic  informa- 
tion was  gained  and  therefore  not  employed  in  further  analysis. 
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in  a laboratory  environment 

Scatter  diagram  of  new 
bearings  vs  artificially 
damaged  bearings  3750  rpm 
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One  of  the  first  problems  which  confronted  the  gathering 
of  data  was  in  accelerometer  attachment.  A device  similar  to 
a vice  grip  pliers  with  an  accelerometer  attached  to  one  jaw 
was  included  in  the  equipment  accessories.  It  was  found  that 
using  the  vice  grip  device  did  not  allow  for  enough  consistency 
to  insure  reproducible  data.  A number  of  attachment  methods 
were  employed  before  a suitable  one  was  found.  The  present 
device,  a pressure  clamp  which  is  attached  to  the  lands  of  the 
mounting  bolts  for  a component,  was  used  on  all  field  test 
aircraft.  By  designing  five  separate  attaching  fixtures,  de- 
signated as  VD  1-5, most  components  with  bearings  can  be 
quickly  and  easily  analyzed  and  yet  assure  reproducibility 
of  the  data.  Figure  3.5  shows  a comparison  of  variations  of 
accelerometer  attachments  that  were  tested.  It  is  apparent 
that  the  type  of  attachment  strongly  influences  the  shock 
emission  curve.  Figure  3.6  shows  the  same  hanger  bearing  tested 
on  both  an  aircraft  and  the  laboratory  environment.  This  in- 
dicates damage  thresholds  determined  by  laboratory  tests  would  not 
be  appropriate. 

Gear  Tests 

SKF  Industries,  under  subcontract  to  the  College,  was 
tasked  to  evaluate  the  ability  of  the  MEPA-10A  to  detect  gear 
sourced  shocks.  The  College  provided  technical  assistance  and 
monitored  the  performance  of  the  task.  Three  UH-1  helicopter  42 
degree  gear  boxes  with  several  different  types  of  gear  damage 
were  subjected  to  shock  pulse  monitoring  during  runs  at  two 
different  loads  and  at  two  speeds. 


Integration  time  seconds; 


It  HANGER  BEARIN' 


TEST  CONDUCTED  28  NOV  1973 


Potentiometer  Jevel 


GRAPH  OF  BEARING  /'A2037362  WHICH  WAS  REMOVED  FOR  ANALYSIS  BECAUSE  OF 
EXCESSIVE  PLAY  DISCOVERED  BY  AN  AIRCRAFT  TECHNICAL  INSPECTOR  - ONE 
GRAPH  MADE  ON  AIRCRAFT,  THE  OTHER  IN  LABORATORY  AT  APPROXIMATELY  THE 
SAME  RPM.  (1)4  DEC  1973). 
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The  following  has  been  determined: 

1.  The  MEPA-10A  as  used  can  supply  warnings  as  to 
the  onset  of  damage  in  a gear  box.  If  damage 
originates  in  the  bearings,  an  indication 
directly  correlated  with  damage  is  received. 

If  the  damage  originates  in  gears,  the  indica- 
tion is  due  to  the  sensing  of  particulate  con- 
taminant passing  through  the  bearings. 

2.  The  MEPA-10A  appears  capable  of  detecting  a 
secondary  effect  of  gear  damage  in  an  operating 
42°  UH-1  helicopter  gear  box  since,  in  this 
gear  box,  the  lubricant  is  captive  in  the  gear 
box.  Metal  chips  and  particles  are  the  oro- 
ducts  of  the  mesh  of  damaged  gear  teeth  and 
tend  to  pass  through  the  bearings  as  the  oil 

in  the  gear  box  circulates.  Shock  level  and 
rate  increases  accompany  their  passage. 

3.  The  shock  pulse  techniaue  has  again  proven 
successful  in  isolating  a damaged  bearing  in 
a gear  box.  Standard  shock  pulse  analysis 
techniques  (shock  emission  profile)  using  the 
MEPA-10A  were  not  found  in  the  present  study 
to  provide  a direct  indication  of  the  degree 
of  gear  damage. 


4.  Vibrational  velocity  measurement,  analyzing  the 
signal  either  in  three,  two  and  one-half  octave 


time  seconds; 


Gear  Box  A13-830 
Baseline  vs.  Damaged  Gears 
with  particulate  contaminant 
in  the  oil. 


■[  Damaged  Gears 
; at  13.25  hp 
I 35^0  rpm 


Potentiometer  Jcvel 


4.0  FIELD  STUDY 


r 

The  data  presented  in  this  section  are  selected  typical 
evaluations  of  various  components  analyzed  from  the  following 
helicopters • 

■ ' 

1)  UH-1  series  models  H,  D,  M and  C 
I 

2)  OH-58 

Shock  pulse  signatures  were  made  using  a standard  MEPA-10A  shock 
pulse  meter  and  all  accelerometer  mounts  were  with  a pressure 
clamp  device  (VD  1-5) . Each  individual  type  component  was  tested 
with  the  accelerometer  mounted  as  closely  as  possible  in  the  same 
position  relative  to  the  bearing  assembly  (Fig.  4.0).  Except 
as  noted,  all  aircraft  were  run  at  6600  rpm  N2  with  no  anti-torque 
pedal  application.  The  areas  of  study  are  as  follows: 

1 ) Hanger  bearing  assembly 

2)  42°  gear  box 

3)  90°  gear  box 

4)  Mast  bearing 

5)  Transmission  input  drive  quill 

This  by  no  means  represents  all  of  the  components  which  could  have 
been  analyzed.  All  testing  was  completed  on  a non-interference 
basis  with  military  aircraft.  Active  and  Reserve,  normal  operational 
scheduling.  The  accelerometer  mounts  were  designed  with  this  non- 
interference  constraint  in  mind  so  component  removal  would  not  be 

I " 

necessary  to  install  the  testing  fixture.  Certain  assemblies  of 
- the  hanger  bearing  assemblies,  42°  gear  box,  90°  gear  box  and 

mast  bearing  were  removed  from  the  aircraft,  disassembled  to  in- 


analyzed  to  verify  that  shock  emission  returned  to  a lower  state. 
Section  7.0  (Tables  and  Appendices)  of  this  report  contains  the 
bulk  of  data  collected  from  assemblies  tested.  A representative 


group  is  reviewed  in  this  summary  report.  The  level  of 
pulse  emissions  coupled  with  its  rate  and  general  curve 
plotted  on  each  type  component  is  viewed  in  relation  to 
same  type  component  to  evaluate  the  bearing. 


shock 

form 
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Gear  Box 


Drive  Quill 


Hanger  Bearing 
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4 1 HANGER  BEARINGS 

Approximately  72  hanger  bearings  (Fig.  4.1)  were  tested 
on  UH-1  and  OH-58  type  helicopters.  The  following  graph 
(Fig.  4.2)  represents  one  taken  from  a typical  analysis  cf  a 
hanger  bearing  which  was  found  to  be  damaged.  After  the  graph 
was  plotted,  a teardown  and  damage  summary  was  made  to  correlate 
the  plotted  shock  emissions. 

A shock  rate  of  340  and  level  of  700  was  considered  ex- 
cessive at  the  time  of  the  analysis,  however,  the  level  is 
significantly  lower  than  the  mean  level  of  the  1800  for  hanger 
bearings  removed  for  testing.  This  hanger  bearing  had  damage 
which  could  be  classified  as  marginal.  The  ability  to  detect 
the  onset  of  damage  is  of  significant  value  in  predicting  com- 
ponent failure.  The  following  is  a summary  of  the  damage  found 
at  teardown- 


FSN  • 

3110-911-8384 

PN: 

204-040-600-9 

SN: 

A20-44891 

Outer  Race-  Metal  Fatigue,  Pitting,  Flaking  Corrosion 
Inner  Race-  Corrosion,  Pitting 
Rolling  Elements:  Corrosion,  Pitting 

When  viewing  the  pictorial  evidence  (Fig.  4.3),  it  is  relatively 
simple  to  correlate  damage  with  shock  emissions  on  the  single 
bearing  fixture.  By  comparing  the  graph  of  new  or  "O'  time  re- 
placement, it  is  possible  to  see  the  appearance  of  damage  vs 
undamaged  components . 

The  extensive  hanger  bearing  data  has  been  summarized  in  a 
single  damage-assessment  shock  emision  curve  (Fig.  4.4).  The 


data  indicates  a new  or  normal  wear  hanger  bearing  would 
have  a shock  level  of  less  than  500  units. 


Good  Bearing 


Potentiometer  Jevel 


Potentiometer  level 


GREEN  AREA  SIGNIFIES  BEARING  IN  GOOD  CONDITION. 

YELLOW  AREA  DENOTES  A BEARING  WITH  DAMAGE  AND  REFRESENTS  * MARGINAL 


CONDITION  AREA. 


RED  AREA  SIGNIFIES  A BEARING  WITH  DAMAGE  IN  EXCESS  OF  THAT  WHICH  WE  FEEL 
WOULD  BE  ACCEPTABLE. 


NOTE:  SPECIFIC  LIMITS  OF  COLORED  AREAS  COULD  CHANGE,  DEPENDING  ON 

A GREATER  COLLECTION  OF  DATA. 


Fig.  U . U 
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4.2  42°  GEAR  BOX 

Forty  two  42°  gear  box  drive  quills  (Fig.  4.5)  were 
evaluated.  The  following  graph  (Fig.  4.6)  and  teardown  in- 
formation was  taken  from  a component  which  was  typical  of  the 
42°  gear  boxes  removed  for  study . The  output  drive  quill  of 
this  gear  box  showed  a higher  than  average  rate  of  shock  emissions 
of  approximately  300  and  a correspondingly  higher  level  of  200. 

The  following  summary  of  damage  found  at  teardown  correlates 
with  the  graphs  plotted  for  the  input  and  output  quill  assemblies. 
Figure  4.7  is  a photograph  of  the  damaged  subassemblies. 

PN:  204-04-003-37 

SN:  # ABB-1101 

Two  Prior  Overhauls 

Usage  Since  New  - 1725  hours 

Usage  Since  Overhaul  - 148  hours 

Input  Gear  #27427 
Pattern  low 

Input  Outer  Ball  Bearing  #56073 
Small  Pits 

Input  Inner  Ball  Bearing  #56073 
Few  pits 

Input  Roller  Bearing  #210073 
Few  pits 

Output  Gear  #27821 

Pattern  too  high  and  too  far  towards  toe 

Output  Outer  Ball  Bearing  #56775 

Corrosion  and  pitting  throughout  bearing 

Output  Inner  Ball  Bearing  #56775 

Corrosion  and  pitting  throughout  bearing 
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Output  Roller  Bearing  #209959 
Radial  scratches 

Figure  4.6  represents  a 42°  gear  box  with  damage  which 
progressed  during  a test  run.  A duplex  ball  bearing,  with  a 
single  shallow  spall  approximately  0.08"  x 0.08"  in  the  outer 
race,  was  implanted  in  a 42°  gear  box.  Of  particular  interest 
was  the  observation  of  progressive  damage  while  the  test  was  in 
progress.  The  shape  of  the  shock  emission  curve  changed  con- 
tinuously over  a period  of  minutes  in  both  rate  and  shock  level. 

The  Figure  shows  two  curves  developed  on  a single  run.  A change 

in  slope  takes  place  (A) , a sharp  increase  in  rate  (B-C) , a con- 

tinual change  in  slope  (C-D) . Without  shutting  down  the  engine, 
the  second  curve  (E-F-G)  was  developed.  After  engine  shut-down, 
an  oil  sample  analysis  revealed  traces  of  metal,  although  not 
beyond  that  considered  acceptable.  The  dotted  line  is  an  extra- 
polation of  the  initial  slope  and  gives  an  indication  of  the 
shock  level  stabilizing  at  a factor  of  ten  higher.  Two  more 
runs  were  made  which  essentially  repeated  curve  E-F-G.  Teardown 
analysis  showed  that  the  original  degradation  had  not  changed 
noticeably  but  that  new  spalls  were  found  on  the  outer  race  and 
on  one  ball  bearing. 
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Damaged 


NOTE:  Cross  Hatched  Area 

Denotes  Needle  Swing 


Input  Quill 


Output  Quill  1- 
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4.3  90°  GEAR  BOX 

Twelve  90°  gear  boxes  (Fig.  4.9)  were  tested  on  UH-1  and 
OH-58  type  helicopters.  Figure  4.10  is  a summary  diagram  of 
shock  emissions.  Two  assemblies  indicate  either  a higher  rate 
or  higher  level  than  the  average  of  those  tested.  The  curve 
labeled  ''damage  free"  is  taken  from  a gear  box  of  known  condition 
installed  on  an  AIDAPS  helicopter  at  Fort  Rucker.  Alabama.  One 
of  the  tested  gear  boxes  was  removed  for  teardown  analysis.  The 
principle  reason  for  removing  the  component  was  because  of  the 
shape  and  progressing  nature  of  the  curve  plotted  (Fig.  4.11).  A 
curve  which,  when  plotted,  developes  successively  higher  x inter- 
cepts (levels)  is  indicative  of  damage  which  is  progressing.  The 
following  data  was  compiled  at  the  time  the  gear  box  was  dis- 
assembled for  analysis:  Photographs  of  the  damaged  elements 

can  be  seen  in  Figure  4.12. 

FSN : 1615-918-2677 

PN:  204-040-012-13 

SN:  ABC-5688 

TSN • 588 

TSO:  400 

Small  Duplex  Bearing-  PN : 204-040-424-1 

SN:  21262 

Outer  Race-  2 Spalls,  Burred  Around  Edges 

Inner  Race:  3 Spalls,  Evidence  of  False  Brinnelling 

Balls:  No  Apparent  Damage 

Small  Duplex  Bearing:  PN : 204-040-424-1 

SN:  21262 

Outer  Race : No  Apparent  Damage 

Inner  Race:  No  Apparent  Damage 

Balls-  No  Apparent  Damage 
-35- 


Small  Roller  Bearing:  PN : 204-040-406-1 

SN:  203462 

Outer  Race:  2 Small  Scratches 

Inner  Race:  No  Apparent  Damage 

Rollers:  1 Roller  Slightly  Scratched 

Duplex  Bearing:  PN ; 204-040-143-1 

SN:  12620 

Outer  Race:  1 Small  Spall 

Inner  Race:  No  Apparent  Damage 

Cage : No  Apparent  Damage 

Balls:  No  Apparent  Damage 

Duplex  Bearing:  PN • 204-040-143-1 

SN:  12620 

Outer  Race:  Mild  Corrosion  and  Pitting 

Inner  Race:  Mild  Corrosion  and  Pitting 

Cage : No  Apparent  Damage 

Balls:  No  Apparent  Damage 

Roller  Bearing:  PN : 204-040-407-3 

SN:  23475 

Outer  Race:  Mild  Pitting,  Scratches  Parallel  to  Race 

Inner  Race*  Scratches  Parallel  to  Race 
Rollers:  No  Apparent  Damage 

The  damage  found  in  the  outer  race  of  the  Small  Duplex  Bearing 
SN  21262  is  spalling  of  the  nature  of  sharp  burred  edges  around 
the  spalls.  The  burred  edges  would  cause  the  indication  apparent 
in  the  curve  plots. 
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asisan 


-J 


time  seconds; 


SUMMARY  CHART  OF  10  90  GEAR  BOX 
ASSEMBLIES  SHOWING  DATA  SCATTER 


Suspect  damaged 
assemblies 


Damage-f : 
Assembly 


Suspect  damaged 
assemblies 


Potentiometer  level 

Two  assemblies  shoved  high  rates  and  level: 
when  compared  to  the  general  scatter  and  a 
"damage-'-free  assembly". 
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90  Gear  Box  Comparison 


Inconsistancy  in  graph 
indicates  damage  progressing 


Damage  Free"  Gear  Box 


500  1000  2000  5000  10000 


Potentiometer  level 


kffll 

Roller  Rearing 

f/N  2^75 

Inner  Race 


4 . 4 MAST  BEARING 


1 

Fourteen  graphs  were  plotted  on  the  mast  bearing  assembly 

1 

(Fig.  4.13)  of  UH-1  series  helicopter.  Figure  4.14  is  a scatter 
diagram  of  nine  different  transmissions.  The  solid  line  is  that 
recorded  from  one  of  the  AIDAPS  helicopters  at  Fort  Rucker, 

Alabama.  This  mast  bearing  is  of  known  good  condition  having 
been  inspected  prior  to  its  use  in  the  AIDAPS  program.  The 
assembly  chosen  for  teardown  was  the  same  one  which  had  the 
highest  level  and  rate  of  the  components  tested.  The  graph 
(Fig.  4.15)  was  made  over  a 40  minute  period.  After  a new 
bearing  was  installed,  another  test  was  made  on  the  same  air- 
craft with  the  replacement  bearing.  New  "0’:  time  bearings 
showed  significant  reduction  in  rate  and  level  from  the  bearing 
as  it  was  initially  tested  with  the  following  damage  revealed 
at  teardown: 

PN-  204-040-136-7-21335 

SN-  613m 

Outer  Race:  Scratches  parallel  to  outer  race  1 cm 

in  length,  scuffs,  false  brinnelling 
and  heat  discoloration  and  corrosion. 

Inner  Race  Ring"  Scratches  paralled  to  race 

mild  heat  discoloration. 

Inner  Race  Ring:  Very  light  scratches  and  pitting. 

Ball  and  Cage  Assembly:  Several  balls  have  scratches 

and  nicks. 

Photographs  of  the  damaged  elements  are  shown  in  Figures  4.16  and  4.17. 


A 
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'MAST  BEARING  ASSEMBLY 
ARROW  DENOTES  SENSOR  LOCATION 


Integration  time  seconds; 


Scatter  Diagram 
Transmission  Mast  Bearing 
Assembly- 


Bad  Mast  Bearing 


'Damage  Free" 
Mast  Bearing 


Potentiometer  level 


, 1 

hi 

: 

— t 

■rt 

• 

! 1 

•1 

; i 

] ; i 

TTT 

1- 

_ i 

s 

: 

• 

■ 

• 

.11 

pf 

. 

; 

i 

r:i 

* 

. 

i ■ 

• 

hi 

[ 

i 1 

i : 

■i'j 

n 

n 

. 

■u 

[- 

: 

•n 

ji 

, 

I 

. 

T4 

. 

r 

i: 

“ 

' 

Mast  Bearing  Comparison 


Envelope  Change  After  rr 
i+0  Min.  Run  Time  r! 


Potentiometer  Jevel 
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MA.IT  HEARING 
Serial  No.  6 


RICKS  AND  SCRATCHES 
OH  INNER  RACE 


4.5  TRANSMISSION  INPUT  DRIVE  QUILL 


Thirteen  input  drive  quills  (Fig.  4.18)  were  tested  on 
UH-1  series  helicopters.  One  of  the  assemblies  tested  had 
relatively  high  rate  and  levels  of  shock  emissions,  however, 
the  transmission  was  not  removed  for  teardown  due  to  the  time 
and  expense  involved.  Figure  4.19  presents  the  data  scatter 
of  all  input  quill  assemblies  tested  including  the  suspect 
component.  Again  the  curve  label  "damage-free"  was  taken  from 
a helicopter  in  the  AIDAPS  program. 


Damage  Free"  Assembly  "♦ 
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5 . 0 FLIGHT  TESTS  DATA 


Although  not  a contractual  requirement,  data  was  collected 
with  the  MEPA  10A  under  conditions  other  than  ground  runs. 

Figure  5.0  shows  a comparison  of  ground,  hover-in-ground  effect, 
low  and  high  speed  flight  and  autorotation  conditions.  All  data 
collected  was  from  the  input  drive  quill  of  the  transmission. 

This  component  was  selected  because  the  ease  of  accelerometer 
mounting  and  security  of  cables  from  moving  and  rotating  assemblies. 
Figure  5.1  compares  two  UH-1H  helicopters  at  the  same  "high  speed" 
flight  condition.  The  various  flight  conditions  had  negligible 
effect  on  the  shape  of  the  shock  emission  envelope.  Flight  data 
fell  well  within  the  scatter  of  the  bulk  of  data  tested  for  the 
input  quill.  More  testing  would  be  required  before  advancing  any 
conclusions  as  to  optimum  sensor  location  or  flight  profiles 
necessary  for  a test  program. 

i 
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Integration  time  seconds; 
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and  Ground  Data 
Input  Drive  Quill 

UH-1H  S/N  69-15550 


5000  Mi 


2000  444 
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Flight  Comparison  of 
j Two  Helicopters 
l Input  Drive  Quill 


rfF  Test  Conditions 

|2i  Airspeed  = 110  kts 
tl|;  Altitude  = 3000  ft. 

;jr  Ng  = 6600  rpm 
Torque  = 31  psi 


Potentiometer  Jevel 


1 

6.0  RESULTS  AND  CONCLUSIONS 

The  SKF  MEPA-10A  has  shown  its  effectiveness  and  re- 
liability as  a bearing  analyzer.  The  shock  pulse  technique 
has  proven  its  values  as  a quick  and  accurate  means  to  determine 
the  general  health  of  a component  by  plotting  the  shock  emission 
profile  of  non-friction  bearings.  When  components  were  tested 
and  reviewed  in  comparison  with  others  of  the  same  type,  it 

I] 

becomes  apparent  that  the  shock  pulse  technique  can  separate 
assemblies  by  degree's  of  damage.  However,  it  was  not  possible 
to  localize  the  damage  as  to  the  rolling  elements,  inner  or 
outer  race.  etc.  All  of  the  damage  which  was  revealed  at  tear- 
down  was  correlatable  to  the  data  plotted  from  shock  emissions. 

In  over  150  studies  conducted  on  assemblies  with  the  shock 
pulse  technique,  the  MEPA-10A  did  not  have  any  malfunctions.  The 
conditions  which  prevailed  during  field  testing  ranged  from  ap- 
proximately -3(PC  to  +40°C  (-14 °F  to  104°F)  and  relative  humidity 
from  30%  to  100%.  Accelerometers  were  exposed  to  exhaust  gas 
temperatures  in  excess  of  200°C  and  the  g forces  associated  with 
flight,  without  failure.  Some  difficulty  was  experienced  with 
cables  and  fittings  although  not  of  a significant  nature.  A re- 
commended ongoing  program  of  flight  tests  will  require  some  hard- 
ware refinement  to  insure  system  reliability  in  a flight  environment. 

Several  assemblies  which  contain  antifriction  bearings 
were  analyzed  to  insure  the  feasibility  of  data  collection  on 
all  aircraft  components  regardless  of  bearing  size  or  ro- 
tational speed.  The  only  limiting  factor  to  the  shock  pulse 
technique  is  that  the  accelerometer  be  located  either  on  the 
bearing  fixture  or  at  a location  with  a direct  mechanical  path 


to  the  bearing.  With  few  exceptions  all  the  assemblies 
on  a helicopter  can  be  rapidly  and  effectively  analyzed. 


Efforts  to  realize  a method  of  diagnostics  for  gear 
analysis  proved  to  be  of  value  in  determining  the  possible 
existence  of  foreign  particulate  matter  in  the  lubricant  of 
a gear  box.  If  the  damage  present  on  a set  of  gears  is  the 
type  that  debris  will  result  from  tooth  contact,  then  the 
shock  pulse  method  appears  to  have  the  ability  to  show  damage 
by  evaluating  the  particulate  matter  as  it  passes  in  transient 
through  a bearing  assembly. 


-54- 


REFERENCES 


1.  James  Provenzano,  John  Games,  A1  Wyrostek,  Art 
Ostheimer,  Jack  Young,  "UH-1H  AIDAPS  Test  Bed 
Program,"  Vol.  I and  II;  USAAVSCOM  Technical 
Report  72-18,  Aug.  1972. 

2.  Robert  R.  Butcher,  Russel  Kirby,  Jr.,  John 
Nakakihara,  T.C.  Watkins,  "UH-1H  Test  Bed 
Program,1'  Vol.  I and  II;  USAAVSCOM  Technical 
Report  72-19,  June  1972. 

3.  John  A.  George,  Richard  M.  Andres,  J.  Thomas 
Harrington,  "Parks  College  UH-1H  AIDAPS  Program," 
Parks  College  of  Saint  Louis  University,  Final 
Report,  Jan.  1975. 

4.  "AIDAPS  Development  Program,  2nd  Interim  Report," 
USAAVSCOM  Technical  Report  74-50,  Nov.  1974. 

5.  Edward  F.  Covill,  Timothy  C.  Mayer,  John  A. 

George,  "Preliminary  Evaluation  of  the  Shock 
Pulse  Technique  to  the  UH-1  Series  Helicopter," 
Parks  College  of  Saint  Louis  University,  Jan,  1974. 

6.  Timothy  C.  Mayer,  Edward  F.  Covill,  John  A. 

George,  J.  Thomas  Harrington,  "Field  Evaluation 
Of  the  Shock  Pulse  Technique  to  the  UH-1  Series 
Helicopter,"  Parks  College  of  Saint  Louis 
University,  June  1974. 

7.  John  A.  George,  Timothy  C.  Mayer,  Edward  F. 

Covill,  "Evaluation  of  the  Shock  Pulse  Technique 
to  the  UH-1  Series  Helicopter,"  45th  Shock  and 
Vibration  Symposium,  Dayton,  Ohio,  Oct.  1974. 

8.  Timothy  C.  Mayer,  Edward  F.  Covill,  John  A. 

George,  "Shock  Pulse  Meter  Analysis,"  Parks 
College  of  Saint  Louis  University,  Oct.  1974. 


■«r 


FINAL  REPORT 


APPLICATIONS  OF  THE  SHOCK  PULSE 
TECHNIQUE  TO  HELICOPTER  DIAGNOSTICS 

PART  II 


2 

\ 


4 


i 


I 


TIMOTHY  C.  MAYER 
EDWARD  F,  COVILL 
JOHN  A.  GEORGE 
J.  THOMAS  HARRINGTON 


V 

4 

i 


PARKS  COLLEGE  OF  SAINT  LOUIS  UNIVERSITY  BOA  DAAJ01-72-A~0027  (P6C) 
cahokia,  Illinois  DO  DAAJ01-72- A-0027-0001  (P6C) 

February  24,  1975  DO  DAAJ01-72-A-0027-0002  (P6C) 


7.0  TABLES  AND  APPENDICES 


The  following  section  is  a compilation  of  all 
data  gathered  to  date.  The  data  is  arranged  in 
order  to  provide  readability  with  the  report. 
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7.3  ACCELEROMETER  MOUNTS 
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Drill  and  tap  one  side  only  for 
l/C-28  threads. 


VD-1  accelerometer  mount. 

Accelerometer  mounts  VD-3  thru  VD-5  differ  from  the  pictured  mounts  in  the 
dimensions  of  the  aperture  of  the  fixture  that  fits  over  the  lands  of  the 
nuts  in  the  bearing  assembly.  The  sizes  of  nuts  which  can  be  accommodated 
with  the  VD  1-5  are  5/16,  3/8,  7/16,  9/16  with  the  VD-2  affixed  to  the 
washers  used  on  the  mounting  bolts  of  a bearing  fixture. 


Drill  1/2"  hole. 


Jrill  and  tap  o 
L/C-26  threads. 


one  side  only  for 


NUMBER  3 HANGER  BEARING  UH-1H 
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REMOVED  FOR  ANALYSIS,  EXJCSblVE  POTENTIOMETER  LEVEL  RESTRAINING  HIGH  RATES. 
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GRAPH  OF  BEARING  //A2037362  WHICH  WAS  REMOVED  FOR  ANALYSIS  BECAUSE  OF 
EXCESSIVE  PLAY  DISCOVERED  BY  AM  AIRCRAFT  TECHNICAL  INSPECTOR  - ONE 
GRAPH  MADE  ON  AIRCRAFT,  THE  OTHER  IN  LABORATORY  AT  APPROXIMATELY  THE 
SAME  RPM.  (.11*  DEC  1973). 
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NUMBER  3 HANGER  BEARING  UH-1H 
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TEST  CONDUCTED  28  NOV  1973  AT  SCOTT  AFB 
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BEARING  SERIAL  #A20-6M95  REMOVED  FOR  PHYSICAL  ANALYSIS/EXCESSIVE  POTENTIOMETER 
LEVELS  NORMAL  RATES  OF  SPAA*-. 
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REPEAT  OF  TEST  CONDUCTED  28  NOV  1973  ON  #U  HANGER  BEARING  WHICH  WAS 
REMOVED  FOR  PHYSICAL  ANALYSIS. 
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BEARING  DEPICTS  CURVE  ABOVE  NORMAL  BUT  A CONSIDERATION  OF  DAMAGE  EVIDENCE 
IN  TEARDOWN  INSPECTION  MUST  BE  MADE  PRIOR  TO  A DETERMINATION  THIS  BEARING 

IS  EXCESSIVELY  DAMAGED. 
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BEARING  SHOWED  NORMAL  RATE  AND  VALUE. 
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NUMBER  k HANGER  BEARING 
UH-1H  TAIL  *66-16879 
BEARING  SERIAL  *A20-31225 
TEST  CONDUCTED  12  DEC  1973  AT  BI-STATE  AIRPORT 
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1*2°  GEARBOX 


UH-1H  TAIL  ^159^9 


TEST  CONDUCTED  28  NOV  1973  AT  SCOTT  AFB 


Potentiometer  level 


ONE  CURVE  REPRESENTS  INPUT  DRIVE  QUILL,  THE  OTHER  OUTPUT  DRIVE  QUILL 
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ONE  CURVE  DEPICTS  INPUT  DRIVE  QUILL,  THE  OTHER  THE  OUTPUT  QUILL  GEARBOX 

REMOVED  FOR  TEAR DOWN  ANALYSIS. 
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1+2°  GEARBOX 


UH-1H  TAIL  ^69-15771 


TEST  CONDUCTED  6 DEC  1973  AT 


1COTT  AFB 


Potontiomc  lor  Jove  I 


INPUT  QUILL,  THE  OTHER  THE  OUTPUT  QUILL  GEARBOX 
REMOVED  FOR  TEARDOWN  ANALYSIS. 


ONE  CURVE  REPRESENT; 


NOTE : SCALPED  AREA  DENOTE; 


NEEDLE  SWING. 

ABB2667  - GEARBOX 


h2°  GEARBOX 
UH-1H  TAIL  066-16879 
TEST  CONDUCTED  13  DEC  1973 


AT  BI-STATE  AIRPORT 


Potentiometer  level 


,'LVi  REPRESENTS  THE  OUTPUT  DRIVE  QUILL. GEARBOX  REMOVED  FOR  TEARDOWN 

ANALYSIS. 

NOTE:  SCALPED  AREA  DENOTES  NEEDLE  SWING. 
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b2a  GEARBOX 


UH-1M  TAIL  #66- 15190 


TEST  CONDUCTED  12  DEC  1973  AT  BI-STATE  AIRPORT 
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Potentiometer  level 


ONE  CURVE  DEPICTS  INPUT  DRIVE  QUILL,  THE  OTHER  OUTPUT  DRIVE  QUILL 
••EAR BOX  REMOVED  EOR  TEARDOWN  ANALYSIS. 

NOTE;  SCALPED  AREA  DENOTES  NEEDLE  SWING. 
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I_.  Test  Objective  and  Approach: 

In  the  past,  damage  detection  has  consisted  mainly  of 
vibrational  data  analysis.  A new  diagnostic  tool  in  the  field 
of  bearing  damage  detection  that  has  been  recently  introduced  is 
the  SKF  MEPA-10A  Shock  Pulse  Meter.  The  principle  of  operation 
of  this  unit  is  that  a damaged  bearing  in  a machine  generates 
mechanical  shocks,  which  cause  brief,  high  frequency  vibrations  to 
emanate  from  the  point  of  impact.  The  pulse  of  energy  is  governed 
in  its  travel  by  the  speed  of  sound  in  the  structural  material,  not 
by  the  spring-mass  characteristics  of  the  mounting  structure.  It  is 
attenuated  at  each  mechanical  interface  and  decays  in  amplitude  in 
proportion  to  the  distance  and  damping  characteristics  of  the  material 
through  which  it  is  travelling.  A resonant  accelerometer  is  used  as 
the  pulse  sensor  and  its  output  is  fed  into  an  amplifier  tuned  to 
the  accelerometer's  resonant  frequency.  After  signal  processing, 
the  output  is  displayed  on  a meter  having  a 20,000:1  dynamic  range. 

The  meter  displays  shock  pulse,  rate  of  occurrence  and  amplitude. 

It  is  then  possible  to  plot  a curve  of  these  two  parameters,  which 
is  a revealing  measure  of  bearing  condition. 

Because  of  the  successful  results  obtained  in  detecting  rolling 
bearing  damage,  SKF  Industries  was  contracted  by  Parks  College  of 
St.  Louis  University  to  establish  the  feasibility  of,  and  determine 
a diagnostic  approach  for,  the  use  of  mechanical  shock  emissions  to 
determine  the  condition  of  gears  in  an  operating  helicopter  gear 
box.  The  tests  were  conducted  on  three  UH-1  42°  gear  boxes.  Each 
gear  box  was  tested  on  an  SKF  test  fixture  which  had  been  suitably 
modified  for  this  series  of  tests.  The  fixture  is  shown  in  Enclosure 
1.  As  shown,  the  drive  motor  is  belt  coupled  to  a pulley  which  was 
changed  to  vary  the  gear  box  speed.  The  input  quill  was  coupled  to 
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this  pulley  and  was  driven  by  it.  The  output  quill  was  connected 
to  a hydraulic  pump  which  served  to  dissipate  the  energy  trans- 
mitted, and  whose  pressure,  and  therefore  load,  could  be  varied  with 
a manually  operated  valve. 

The  gear  boxes  were  driven  initially  by  a 15  horsepower  induc- 
tion motor  and  drove  an  IMO  3D  hydraulic  pump  (with  156  rotor.) 

Enclosure  2 shows  a curve  of  oil  viscosity  as  a function  of 
temperature  for  the  oil  used  in  both  pumps  during  testing.  Enclosure 
3 relates  oil  viscosity  to  horsepower  as  a function  of  the  pump 
pressure  for  the  IMO  3D  pump,  and  Enclosure  4 does  this  for  the 
IMO  A6D  pump. 

Thus,  by  controlling  pump  pressure  and  monitoring  oil 
temperature,  the  gear  box  applied  load  was  determined.  The  gear 
boxes  tested  were  operated  at  speeds  of  3560  RPM  and  1500  RPM. 

These  speeds  were  held  within  2%.  At  each  speed  two  different 
loads,  2 horsepower  and  4 horsepower  at  the  lower  speed  and 
2 horsepower  and  10  horsepower  at  the  higher  speed,  were  applied. 

Early  test  results  indicated  that  a greater  load  was  desirable  to 
more  nearly  approximate  flight  loads  of  25  to  90  horsepower.  There- 
fore an  IMO  A6D  pump  (with  137  rotor)  and  a 50  horsepower  induction 
motor  were  installed  on  the  fixture.  This  increased  the  drive  and 
load  capability  of  the  test  rig  to  34  horsepower. 

Shown  in  Enclosure  36  is  a listing  of  the  tests  performed 
during  the  program  in  the  order  in  which  they  were  done.  Test  speeds, 
loads  applied  and  gear  implant  conditions  are  also  tabulated.  This 
enclosure  serves  as  a reference  and  guide  for  the  following  Test 
Results  section. 
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II.  Test  Results 


The  first  step  in  the  program  was  to  establish  optimum  sensor 
locations  for  detecting  gear  damage.  After  examination  of  the  gear 
box  drawing,  four  candidate  positions  were  chosen.  Data  obtained 
from  these  points  in  initial  testing  was  not  sufficiently  different 
to  clearly  indicate  one  location  as  superior.  Consequently,  in 
accordance  with  the  theory  of  shock  pulse  operation,  a location 
was  selected  which  had  the  most  direct  mechanical  path  to  the  gear 
mesh.  A spot  located  over  the  roller  bearing  on  the  input  quill  was 
selected.  An  aluminum  block  conforming  to  the  shape  of  the  housing 
was  fabricated  and  after  the  paint  was  removed  from  that  area  of  the 
gear  box  housing,  the  block  was  bonded  to  the  housing.  A second  or 
backup  spot  was  selected  on  the  base  opposite  to  the  oil  level  gage. 
This  location  was  selected  because  the  gear  box  structure  in  this 
location  was  suitable  for  mounting  an  accelerometer  and  there  was 
also  a direct  mechanical  path  to  the  gear  mesh.  Enclosure  5 shows 
the  sensor  locations. 

The  test  results  are  presented  for  each  of  the  three  gear 
boxes  tested  and  sequentially  for  each  gear  box  tested. 

A.  Gear  Box  S/N  A13-850 

Gear  Box  S/N  A13-830  was  the  first  gear  box  tested.  Enclosures 
6 and  7 depict  the  base  line  data  obtained  for  this  gear  box.  At 
1480  RPM,  shock  emission  profiles  were  taken  with  2.9  and  4.25 
horsepower  loads  and  at  3560  RPM  with  2.6  and  10.4  horsepower  loads. 
During  Test  1,  as  can  be  seen  from  the  data,  the  shock  level  increased 
mainly  as  a function  of  speed  and  not  of  load. 
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Test  3 was  then  conducted  after  damaged  gears  had  been 
installed  into  this  gearbox.  The  gear  box  was  operated  at  1480  RPM 
and  3580  RPM  and  loaded  with  2.9  horsepower  and  4.25  horsepower 
at  the  lower  speed  and  2.6  and  10.4  horsepower  respectively  at  the 
higher  speed. 

Enclosure  8 shows  a picture  of  these  gears  prior  to  their 
insertion  into  the  gear  box.  The  upper  picture  is  that  of  the 
output  gear,  which  has  pieces  of  gear  teeth  missing.  This  was  due 
to  an  earlier  gear  failure  in  another  gear  box.  These  gears  had 
not,  however,  been  previously  run  as  a set  in  this  gear  box.  Test 
3 data  with  the  damaged  gears  is  shown  in  Enclosures  9 and  10. 
Position  2 data  in  Enclosure  9 at  1480  RPM  shows  higher  shock  levels 
with  the  damaged  gears  than  with  the  undamaged  ones , shown  in 
Enclosure  6.  At  the  higher  speed,  however,  the  shock  level  was 
slightly  lower  for  damaged  gears  than  for  undamaged  gears  as  is 
seen  when  comparing  Enclosure  10  with  Enclosure  7. 

Since  these  damaged  gears  had  not  been  operated  as  a set 
previously,  the  severity  of  shock  generation  by  any  given  damage 
and  the  specific  kinematics  of  the  contact  between  the  damaged 
surface  is  not  known.  In  addition,  the  2 to  10  horsepower  load 
placed  on  the  gear  box  was  much  less  than  the  25  to  90  horsepower 
load  presented  to  the  gear  box  in  a helicopter.  To  provide  a 
more  representative  load  the  previously  discussed  motor  and  pump 
change  was  made.  Test  4 was  then  conducted  at  3540  RPM  and  with 
the  same  damaged  gears  as  in  the  previous  tests,  however,  new 
higher  loads  were  applied  to  the  gear  box.  Tests  at  these  new 
loads  indicated  approximately  a 20%  increase  in  the  shock  level 
for  this  gear  box  for  both  position  1 and  position  2,  as  can  be 


seen  by  comparing  Enclosure  11  to  Enclosure  10  data.  When 
comparing  Enclosure  11  data  with  that  for  undamaged  gears  installed 
in  the  same  gear  box,  at  the  same  speed,  however  (Test  1 - Enclosure 
7),  no  significant  shock  level  trend  is  evident  as  a function  of 
increased  load. 

A third  set  of  gears  was  installed  in  this  same  gear  box. 

These  were  also  damaged  gears.  The  severity  of  damage  is  shown 
in  Enclosure  12.  Test  5 was  run  at  the  test  speeds  of  1510  and 
3540  RPM  with  the  new  applied  loads  of  up  to  34  horsepower.  Data 
obtained  is  shown  in  Enclosures  13  and  14. 

The  curves  taken  for  damaged  gears  in  Enclosure  11  and  the 
lower  value  curves  in  Enclosure  14  show  only  a slight  variation 
when  compared  to  Baseline  undamaged  gear  data  of  Enclosure  7. 
Enclosure  13  data,  at  lower  speed  for  damaged  gears,  when  compared 
to  Enclosure  6 data,  at  the  same  RPM  for  undamaged  gears,  also 
shows  only  a small  change  in  shock  level  between  damaged  and  un- 
damaged gear  sets  at  the  4 horsepower  to  5 horsepower  applied  load 
level . 

One  event  of  significance  that  occurred  early  in  test  number 
5 at  3540  RPM  and  at  13  HP  load  was  a sharp  increase  in  shock  level 
for  a period  of  about  2 minutes.  The  data  obtained  during  this  time 
period  is  shown  in  Enclosure  14  as  the  higher  shock  value  curves. 

The  rapid  increase  in  shock  level  did  not  recur  during  further  test- 
ing. A post-test  examination  of  the  oil  in  the  gear  box  showed  fine 
metal  particles  throughout  the  oil.  The  probable  cause  of  the  in- 
crease in  shock  level  is,  therefore,  believed  to  be  the  passage  of 
the  particulate  matter  through  the  bearing  load  zone  since  bearing 
rolling  element  encounter  with  particulate  matter  is  known  to 
generate  shock  pulses. 
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B.  Gear  Box  S/N  B13-1561 

The  second  gear  box  for  which  base  line  information  was 
taken  was  S/N  B13-1561.  This  baseline  test  is  designated  as 
Test  2 and  the  results  are  shown  in  Enclosures  15  and  16.  This 
baseline  data  was  obtained  while  the  test  rig  was  in  the  low 
horsepower  configuration.  The  test  was  conducted  at  the  same 
speeds  and  applied  loads  as  the  baseline  test  of  gear  box 
S/N  A13-830.  The  data  is  similar  to  the  baseline  data  obtained 
from  gearbox  S/N  A13-830  during  Test  1 (Enclosures  6 and  7).  The 
largest  shock  level  difference  observed  was  that  the  position  2 
shock  level  at  3580  RPM,  Enclosure  16,  was  about  one  half  that  of 
S/N  A13-830  gear  box  baseline  value  shown  in  Enclosure  7. 

This  second  gear  box,  SN  B13-1561,  was  also  retested  with 
the  higher  13  to  33  HP  loads  (Test  No.  2).  Enclosure  17  shows 
the  Baseline  data  obtained  at  3540  RPM.  There  was  again  no 
distinct  trend  of  shock  level  to  follow  load.  Slight  changes  in 
shock  level  data  compared  to  that  in  Enclosure  16  were  observed 
in  an  increase  in  position  1 data  and  a decrease  in  position  2 
readings.  Because  the  data  showed  no  marked  change  with  these 
higher  loads  at  3540  RPM,  the  lower  speed  runs  were  not  repeated. 

This  gear  box  was  then  removed  from  the  fixture  and  the  gears 
removed.  They  are  shown  in  Enclosure  18.  An  artificial  damage 
was  inflicted  on  the  output  quill  gear  with  a hand  grinder. 

The  damage  was  approximately  1/4"  long,  1/16  inch  wide  and  was 
placed  in  the  contact  area  of  one  gear  tooth. 
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After  the  gear  box  was  remounted  in  the  fixture.  Test  6 
was  conducted.  Data  taken  at  1520  RPM,  and  5 and  14.5  horsepower 
loads  is  presented  in  Enclosure  19.  Position  1 data  indicates  a 
high  rate  of  shocks  at  low  shock  levels  which  is  traditionally 
indicative  of  solid  particulate  matter  in  the  lubricant. 

Position  2 data  was  slightly  lower  in  shock  level  than 
experienced  in  previous  baseline  runs  for  this  speed. 

A second  part  of  Test  6 was  conducted  to  assure  the  reliability 
of  data  obtained  from  position  2 (verify  that  the  bonding  of  the 
accelerometer  block  did  not  adversely  affect  the  data) , a hole  was 
drilled  and  tapped  in  the  Gear  Box  housing  at  the  Position  2 
location,  to  mount  the  accelerometer  block  directly  to  the  gear 
box,  thereby  eliminating  any  potential  interface  effect  of  the  glue. 
Data  was  obtained  with  the  block  bonded  on.  The  test  was  conducted 
at  3540  RPM  and  13.25  horsepower  loads.  The  hole  was  then  drilled 
and  tapped,  the  accelerometer  stud  mounted  and  the  test  repeated. 

The  data  obtained  with  the  block  bonded  on  and  the  repeat  data  are 
shown  for  comparison  in  Enclosure  20.  There  was  a slight  increase 
in  both  rate  and  level  with  the  stud  mounted  accelerometer.  The 
difference,  however,  lies  within  the  normal  10%  to  20%  variation 
of  readings  from  run  to  run. 

Test  6 was  continued  with  the  accelerometer  stud  mounted. 
Enclosure  21  presents  the  shock  emission  data  obtained  for  the 
artificially  damaged  gear  implant  at  a speed  of  3540  RPM  and  13.25 
and  33.75  horsepower  loads. 

This  gear  box  was  operated  for  an  extended  period  of  time  and 
data  taken  at  position  2 periodically  to  monitor  the  trend  or 
growth  in  shock  level  with  time.  Enclosure  22  shows  data  acquired 


after  running  for  5,  10,  30  and  50  minutes  respectively.  There 
was  a 4 to  1 growth  in  shock  level  which  normally  indicates  damage 
growth.  The  gear  box  was  run  for  an  additional  hour  on  the  follow- 
ing day.  The  curve  shape  and  shock  level  did  not  change  from  that 
shown  for  50  minutes  in  Enclosure  22.  Visual  examination  of  the 
gear  box  oil  revealed  a large  amount  of  fine  metal  particles.  The 
most  likely  source  of  these  is  the  gear  which  had  been  artificially 
damaged.  Because  of  the  roughness  at  the  edges  of  the  artificially 
damaged  area  of  the  gear  metal  burrs  could  break  off  quite  easily. 

Gear  wear  and  spalling  occurring  naturally  will  also  exhibit  the 
tendency  to  produce  a particulate  debris  which  would  have  a similar 
effect  on  shock  emission,  introducing  the  possibility  that  the 
shock  pulse  technique  may  monitor  gear  wear  or  damage  growth  by 
monitoring  the  shock  pulse  affect  of  particulate  matter  in  the  oil 
or  observed  shock  emission  levels. 

Test  7 was  conducted  using  an  input  quill  assembly  with  artifi- 
cial damage  on  the  gear  implanted  in  this  same  gear  box.  The  damage 
had  been  inflicted  on  the  gear  with  a carbide  scribe.  Burring  that 
occurred  during  the  scribing  was  not  removed.  A photo  of  this  gear 
is  shown  in  Enclosure  23.  The  output  quill  in  which  the  gear  had 
been  previously  artificially  damaged  by  the  hand  grinder  remained 
in  the  gear  box.  Initial  readings  showed  a shock  level  of  about  9 
at  position  2.  This  quickly  changed  to  about  25  within  a minute  or 
two  after  the  Test  was  started  and  took  the  shape  of  the  curve 
shown  in  Enclosure  24.  Enclosure  25  shows  data  obtained  at  position 
1 while  Enclosure  26  shows  data  obtained  using  a Parks  College  type 
VD- 3 accelerometer  holder  mounted  to  a bolt  on  the  input  quill 
housing.  There  was  some  variation  in  shock  rate  with  time  as  can  be 
seen  in  the  three  enclosures.  This  type  of  variation  had  not  been 
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observed  in  the  past.  Also,  there  were  occasional  but  regular 
spikes  observed  which  gave  readings  of  up  to  2000  pulses  per 
second.  Increases  in  the  rate  of  small  shocks  is  characteristic 
of  particulate  contaminant  in  the  lubricant  passing  through  the 
bearings . 

Upon  request  by  Parks  College,  a 7th  Test  was  performed  with 
an  "unknown  condition"  input  quill  assembly  supplied  by  Parks  College. 
It  was  implanted  in  the  gear  box  and  data  again  taken.  This  time  the 
rate  readings  were  also  variant.  The  data  is  shown  in  Enclosures  27, 

28  and  29.  The  readings  obtained  also  showed  extremely  high  shock 
levels  indicative  of  bearing  damage.  This  implant  rather  than 
having  a gear  damage  had  a bearing  implanted  with  damaged  balls,  a 
picture  of  which  is  shown  in  Enclosure  30.  The  ability  of  the  MEPA- 
10A  to  isolate  bearing  damage  in  an  operating  gearbox  was  again 
demonstrated. 

C.  Gear  Box  S/N  BBB-1253 

A third  gear  box  was  tested  at  the  standard  test  speeds  and  loads. 
Baseline  data  was  obtained  to  establish  consistency  of  baseline  level 
from  gear  box  to  gear  box.  The  data  is  shown  in  Enclosure  31  and  32. 

D.  Summary  of  Results  of  Shock  Pulse  Testing 

The  baseline  shock  level  determined  on  the  three  gear  boxes  at 
1490  RPM  varied  from  25  to  35  in  value  while  at  3580  RPM  the  variation 
was  between  50  and  200. 

Baseline  shock  level  and  its  variation  from  gear  box  to  gear 
box  are  so  low  compared  to  bearing  damage  levels  that  they  do  not 
markedly  affect  the  ability  of  the  shock  pulse  technique  to  detect 
bearing  implant  exhibited  shock  levels  of  ten  times  the  baseline 
values,  thus  variations  of  30%  or  even  four  to  one  in  baseline  level 


do  not  affect  the  capability  of  the  shock  pulse  meter  to  detect 
bearing  damage. 

The  results  of  this  test  program,  however,  indicate  that  the 
same  consistent  correlation  does  not  exist  for  the  gear-damaged 
implants  tested. 

The  tenfold  increase  in  shock  level  experienced  during  Test  5, 
a test  of  damaged  gear  implanted  in  gear  box  S/N  A13-830,  and  the 
growth  in  shock  level  from  65  to  160  in  Test  6,  a test  of  an 
artificially  damaged  gear  in  gear  box  S/N  B13-1561  serve  as  evidence 
of  the  capability  of  the  shock  pulse  technique  to  detect  the  growth 
of  damage  or  wear  in  a gear  set  by  measuring  the  e f feet  of  wear 
debris  on  emitted  shock  pulse  level. 

A correlation  of  a specific  gear  damage  severity  to  a 
specific  shock  level  emitted  is  not  evidenced  in  the  test  data. 

Gear  mesh  shocks  (those  occurring  at  gear  mesh  frequency)  were 
not  sensed  as  evidenced  by  the  fact  that  they  occur  at  3 to  5 times 
the  maximum  shock  rates  observed  during  testing.  This  indicates 
they  were  not  of  sufficient  magnitude  to  be  sensed  by  the  standard 
MEPA-10A  Shock  Pulse  Meter. 

Gear  damage  sourced  shocks  are  similarly  not  evidenced  in  the 
data  taken  again,  presumably  because  they  are  too  small  in  amplitude 
to  be  sensed  by  the  standard  MEPA-10A  Shock  Pulse  Meter. 

E . Results  of  Vibration  Measurements  on  Operating  Gear  Boxes 

In  addition  to  the  testing  with  the  MEPA-10A,  single  axis 
vibration  measurements  were  also  made.  This  was  done  using  an 
SKF  Industries  MEB-17A  Vibration  Amplifier,  which  determines  vibra- 
tional velocity  from  an  accelerometer  input  signal.  This  unit  has 
three  frequency  bands  (50  to  300  HZ,  300  to  1800  HZ  and  1800  to 


10,000  HZ)  and  is  used  for  production  vibration  testing  of  bearings 
at  SKF.  The  sensor  used  was  the  accelerometer  located  at  position  2. 
The  data  obtained  is  shown  in  Enclosure  33.  It  is  evident  that 
vibration  velocity  levels  are  not  a conclusive  measure  of  gear 
damage.  Although  there  appears  to  be  some  correlation  between 
damaged  and  vibration  readings,  this  is  true  only  for  certain  damaged 
gears  and  not  for  all.  At  the  same  time,  a tape  recording  of  the 
vibrational  velocity  signal  output  was  made.  This  data  was  later 
analyzed  on  a B§K  1/3  Octave  Frequency  Spectrum  Analyzer. 

The  B$K  traces  are  shown  in  Enclosures  34  and  35.  As  can  be 
seen  from  the  data,  the  gear  mesh  frequency  predominates,  but 
damaged  gears  do  not  show  marked  differences  (increase  in  amplitude) 
as  compared  to  undamaged  gears,  confirming  the  statement  that  vibra- 
tion measurements  are  an  inconclusive  measure  of  gear  damage. 
CONCLUSIONS: 

Three  UH-1  helicopter  42  degree  gear  boxes  with  several 
different  types  of  gear  damage  have  been  subjected  to  shock  pulse 
monitoring  during  runs  at  two  different  loads  and  at  two  speeds. 

From  the  data  obtained  during  testing,  the  following  has  been 
determined: 

1.  The  MEPA-10A  as  used  can  supply  warnings  as  to 

the  onset  of  damage  in  a gear  box.  If  damage  originates 
in  the  bearings,  an  indication  directly  correlated  with 
damage  is  received.  If  the  damage  originates  in  gears, 
the  indication  is  due  to  the  sensing  of  particulate 
dontaminant  passing  through  the  bearings. 


2. 


The  MEPA-10A  appears  capable  of  detecting  a secondary 
effect  of  gear  damage  in  an  operating  42°  UH-1  helicopter 
gear  box  since,  in  this  gearbox,  the  lubricant  is  captive 
in  the  gearbox.  Metal  chips  and  particles  are  the  products 
of  the  mesh  of  damaged  gear  teeth  and  tend  to  pass  through 
the  bearings  as  the  oil  in  the  gear  box  circulates.  Shock 
level  and  rate  increases  accompany  their  passage. 

3.  The  shock  pulse  technique  has  again  proven  successful  in 
isolating  a damaged  bearing  in  a gear  box.  Standard  shock 
pulse  analysis  techniques  (shock  emission  profile)  using 
the  MEPA-10A  were  not  found  in  the  present  study  to  provide 
a direct  indication  of  the  degree  of  gear  damage. 

4.  Vibrational  velocity  measurement,  analyzing  the  signal  either 
in  three,  two  and  one-half  octave  bands,  or  one-third  octave 
analysis  of  the  audio- frequency  spectrum  has  failed  to  pro- 
vide any  consistent  indication  of  damage. 

RECOMMENDATIONS 

The  following  further  work  is  recommended: 

1.  To  establish  fully  whether  shock  pulse  indications  due  to 

debris  entering  the  lubricant  correlate  with  the  gear  damage 
condition  from. inception  through  advanced  stages: 

(a)  Modify  the  existing  test  fixture  to  permit  higher  gear 

i 

box  loading.  Conduct  gear  endurance  tests  to  obtain 
naturally  caused  damage  and  allow  damage  to  grow.  This 
will  allow  realistic  observation  of  damage  progression  by 
shock  pulse  monitoring. 
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(b)  Measure  the  effect  of  the  gear  emitted  debris 

on  shock  emission  profiles  and  correlate  through 
periodic  gear  box  examination  to  level  of  gear 
damage  including  wear.  Also,  correlate  with 
analysis  results  of  debris  content  in  the  oil. 

As  a more  advanced  approach  to  the  establishment  of  a 
gear  damage  detection  capability,  work  is  recommended 
toward  the  development  of  more  sophisticated  shock  pulse 
analysis  techniques  capable  of  examining  the  gear  damage 
emitted  shocks  in  time  intervals  between  the  main  gear 
mesh  shocks. 

It  is  apparent  from  the  B§K  traces  that  the  amplitude  of 
vibration  emitted  at  the  gear  mesh  frequency  is  very  high, 
due  to  the  meshing  impact.  The  damaged  areas  come  in 
contact  only  as  the  teeth  slide  across  one  another.  It 
appears  that  the  impact  of  the  damage  as  compared  to  the 
impact  of  the  teeth  mesh  is  quite  small.  The  shock  pulses 
emitted  by  the  damage  also  would  occur  at  a higher  frequency. 
Since  the  MEPA-10A  has  proven  so  successful  in  the  measure- 
ment of  bearing  damage,  modification  of  the  electronics 
should  be  considered  to  investigate  the  shock  pulses  emitted 
in  time  segments  between  the  meshing  of  teeth,  as  a measure 
of  gear  damage  severity. 

A diagnostic  approach  that  would  permit  this  and  also 
provide  automated  analysis  of  the  shock  emission  data  can 
be  implemented  by  the  following  method. 


The  data  taken  during  testing  indicates  shock  rates  on 
the  order  of  several  hundred  per  second,  using  the  present 
lower  threshold  limit  of  "1"  on  the  MEPA-10A.  The  gear  mesh 
should  have  caused  shock  rates  3 to  7 times  higher  than  these 
values.  The  shock  rate  due  t,o  damage,  therefore,  must  have 
occurred  at  levels  less  than  "1.0."  To  measure  these  small 
shocks  it  is  necessary  first,  to  increase  the  sensitivity 
of  the  MEPA-10A  input  circuitry,  thereby  allowing  levels  of 
less  than  1.0  to  be  measured. 

Next,  by  using  signals  with  a level  greater  than  one  as  an 
"inhibit"  on  the  Pulse  Integrator  circuitry,  the  MEPA  can  be 
made  to  look  only  at  shock  levels  less  than  one.  The  length 
of  time  of  the  inhibit  would  have  to  be  determined  empirically. 
This  approach  will  permit  analysis  of  smaller  shocks  occurring 
in  the  time  segment  between  the  larger  shocks.  It  would  then 
only  be  necessary  to  add  level  discrimination  and  logic  circuitry 
to  the  design  to  enable  automatic  data  analysis. 
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S/N  A13  - 830 
BASELINE  DATA 


SPEED 
AMBIENT 
GEAR  BOX  TEMP 
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Antal  stotar  per  sekund 


500  1000  2000  5000  10000 


Potentiometer  level 


Integration  time  seconds 


S/N  A13  - 830 
BASELINE  DATA 


SPEED:  3560  RPM 


AMBIENT:  35 °F 


GEAR  BOX  TEMP:  138°F  at  2.6HP 

150°F  at  10.4HP 
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S/N  A13  - 830 
HEAVILY  DAMAGED  GEARS 
SPEED:  1480  RPM 

AMBIENT:  72 °F 

GEAR  BOX  TEMP:  100 °E 


ENCLOSURE  9 


Antal  stotar  per  sekund 


Potentiometer  level 


MHIliS 

Sill 

p|H 

fflllj 

NHRBH 

Integration  time  seconds 


HEAVILY  DAMAGED  GEARS 
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Potentiometer  level 


HEAVILY  DAMAGED  GEARS 


SPEED:  3540  RPM 


AMBIENT:  86°  F 

GEAR  BOX  TEMP:  165°F  at  33.75  HP 

1 5 7 ° F at  13.25  HP 
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Antal  stotar  per  sekund 


Potentiometer  level 


DAMAGED  GEARS  (.2nd  set) 


SPEED:  lb  10  RPM 

AMBIENT:  72 °E 

GEAR  BOX  TEMP:  10 3° F at  14.25  HP 
99  °F  at  5 HP 
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Integration  time  seconds  Mattid 


DAMAGED  GEARS  (2nd  SET) 
SPEED:  3540  RPM 


GEAR  BOX  TEMP 


162  °F  at  33.75HP 
1 5 3°  F at  13.25HP 
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BASELINE  DATA 
SPEED:  1490  RPM 

AMBIENT:  85 °F 

GEAR  BOX  TEMP:  108°F  at  4.25  HP 

10  7 0 F at  2.9  HP 
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S/N  B13  - 1561 
BASELINE  DATA 


SPEED:  3580  RPM 


GEAR  BOX  TEMP:  143°F  at  10.4  HP 
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S/N  B13  - 1 S61 
BASELINE  DATA 


SPEED:  3540  RPM 


GEAR  BOX  TEMP:  186°F  at  33.75  HP 

1 80  ° F at  13.25  HP 
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ENCLOSURE  IB 


integration  time  seconds 


ARTIFICIALLY  DAMAGED  GEARS 


SPEED:  1520  RPM 


AMBIENT:  73°  F 


GEAR  BOX  TEMP:  107°F  at  14.5  HP 

105°F  at  5 HP 
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Antal  stotar  per  sekund 


50  100  200  500  1000  2000  5000  10000 


Potentiometer  level 


ARTIFICIALLY  DAMAGED  GEARS 


AMBIENT:  78° F 


GEAR  BOX  TEMP:  108 °F  at  13.25HP 
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Antal  stotar  per  sekund 


SENSOR  STUD 
MOUNTED 


GLUED  ON 
SENSOR 


Potentiometer  level 
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Integration  time  seconds;  Mattid 


S/N  B13  - 1561 
ARTIFICIALLY  DAMAGED  GEARS 


SPEED 
AMBIENT 
GEAR  BOX  TEMP 


3540  RPM 
78°F 

160  °F  at  33.75  HP 
15 3°F  at  13.25HP 


ARTIFICIALLY  DAMAGED  GEARS 


SPEED:  3540  RPM 
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Antal  stotar  per  sekund 


Potentiometer  level 
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S/N  B13  - 1561 

DAMAGED  GEAR 
SPEED:  1490  RPM 

AMBIENT:  66°i: 

GEAR  BOX  TEMP:  102 °V 

POSITION  2 
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S/N  B13  - 1561 
DAMAGED  GEARS 
SPEED:  1490  RPM 

AMBIENT:  68°F 

GEAR  BOX  TEMP:  10 3° F 


POSITION  1 
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50  100  200  500  1000  2000  5000  10000 


Potentiometer  level 


Integration  time  seconds. 


S/N  B13  - 1561 
DAMAGED  GEARS 
SPEED:  1490  RPM 

AMBIENT:  68°F 

GEAR  BOX  TEMP:  104 °F 


POSITION  3 
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S/N  B13  - 1561 
DAMAGED  BEARING 
SPEED:  1490  RPM 

AMBIENT:  70°F 

GEAR  BOX  TEMP:  82 °F 


POSITION  2 
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S/N  B13  - 1561 
DAMAGED  BEARING 
SPEED:  1490  RPM 

AMBIENT:  71°F 

GEAR  BOX  TEMP:  90 °F 


POSITION  1 
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Potentiometer  level 


Integration  time  seconds;  Mattid 


S/N  B13  - 1561 
DAMAGED  BEARING 
SPEED:  1490  RPM 


AMBIENT 
GEAR  BOX  TEMP 


95  ° F 


POSITION  3 


ENCLOSURE  29 


integration  time  seconds; 


S/N  BBB  - 1253 

BASELINE  DATA 

SPEED:  1520  RPM 

AMBIENT:  70°F 

GEAR  BOX  TEMP:  98°F  at  5 HP 

10 3°F  at  14 .5HP 
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Antal  stotar  per  sekund 


Potentiometer  level 


leyiation  time  seconds 


BASELINE  DATA 
SPEED:  3540  RPM 

AMBIENT:  92° F 

GEAR  BOX  TEMP:  173°F  at  13.25HP 

1 80  ° F at  33.75HP 
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Antal  stotar  per  sekund 


500  1000  2000  5000  10000 


Potentiometer  level 
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ITEM 

X 

SD 

SE 

Hanger  Bearings 

Rate 

185.19 

85.76 

11.67 

Total 

Level 

502.4 

943.14 

128.35 

42°  G/B 

Rate 

149.05 

121.71 

18.78 

Level 

106.5 

79.59 

12.28 

90°  G/B 

Rate 

114.375 

31.1 

10.99 

Level 

75.0 

54.71 

19.34 

Mast  Bearing 

Rate 

87.27 

38.82 

11.7 

Level 

72.73 

29.61 

8.93 

Input  Drive  Quill 

Rate 

161.81 

37.37 

11.27 

Level 

190.91 

67.89 

20.47 

Hanger  Bearings 

Rate 

273.64 

52.06 

15.7 

Removed 

Level 

1836.36 

1575.61 

475.06 

Hanger  Bearings 

Rate 

172.0 

78.59 

12.43 

Not  Removed 

Level 

147.93 

189.46 

29.96 

OH-58  Hangers 

Rate 

95 

50.79 

20.731 

Level 

77 

37.79 

15.42' 

Hanger  Bearings 

Rate 

170.23 

84.35 

12.86 

Not  Removed 

Level 

159 

213.45 

32.55 

Hanger  Bearings 

Rate 

271.67 

72.37 

20.89 

Removed 

Level 

2254.17 

2126.83 

613.96 

42°  G/B 

Rate 

111.32 

73.11 

12.54 

Not  Removed 

Level 

102.147 

124.24 

21.31 

42°  G/B 

Rate 

337.22 

195.02 

65.01 

Removed 

Level 

180.0 

85.99 

28.66 

90°  G/B 

Rate 

159.4 

167.71 

55.9 

Not  Removed 

Level 

68.3 

54.94 

18.31 

Input  Drive  Quill 

Rate 

161.81 

37.37 

11.27 

High  & Low  Rate 
and  corresponding 
levels  removed 

Level 

189.1 

70.21 

21.17 

90°  G/B  Total 

Rate 

160.625 

179.253 

63.38 

High  & Low  Levels 

Level 

750 

54.71 

19.34 

removed  and 
corresponding  Rates 
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